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Fig. 1. (a) Three stacking methods of InSe/In,Seshetero-
junctions, where black dashed arrows mark the positional
relationship of In atoms in different layers of the hetero-
junction; (b) formation energy of the three structures at dif-
ferent layer spacings; (c) a partial enlarged view of the
black dashed part in Fig.1 b).
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Fig. 2. (a) Lattice structure of Iny,Se;/InSe (I) and In,Ses/InSe (II),
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where the black dashed frame represents the crystal lattice, and

the red arrow represents the spontaneous polarization direction of In,Ses; (b) binding energy comparison of In,Se;/InSe (I) and

In,Se;/InSe (II).
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Fig. 3. (a) Band structure of InySez/InSe (I) and (b) density of states; (c) band structure of In,Sez/InSe (II) and (d) density of

states, where the red and blue in the energy band diagram indicate the contribution of InSe and InySe; to the energy band, and the

black arrow indicates the band gap, pointing from CBM to VBM;

In,Sez/InSe (I) and InySes/InSe (II).

(e) decomposed charge densities of CBM and VBM for
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Fig. 4. (a) Plane-averaged charge density difference forIn,Ses/InSe (I) and (b) In,Se;/InSe (II) at equilibrium distance along the Z

direction, where the yellow and cyan envelope areas representelectron accumulation and depletion, respectively.
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Fig. 6. (a) Band gap of InySes/InSe (I) under biaxial strain; (b) band gap of In,Se;/InSe (II) under biaxial strain.
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Fig. 8. Decomposed charge densities of CBM and VBM for In,Se;/InSe (I) under —4% and -8% biaxial strain and thedecomposed
charge densities of CBM and VBM for In,Se;/InSe (II) under —2% and —8% biaxial strain.
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Fig. 9. (a) Band gap of In,Se;/InSe (I) under z-axis strain, y-axis strain and biaxial strain; (b) band gap of In,Ses/InSe (II) under
1-axis strain, y-axis strain and biaxial strain.
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Fig. 10. (a)—(d) Projected band structure of In,Sez/InSe (I) under 10%, —10% az-axis strain and 10%, —10% y-axis strain; (e)—
(h) projected band structure of In,Ses/InSe (II) under 10%, 4% wz-axis strain and 10%, —4% y-axis strain. The red part of the en-

ergy band indicates the contribution of InSe, the blue part indicates the contribution of In,Ses.
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Strain control of two-dimensional ferroelectric In,Se;/InSe
vertical heterojunction energy band”
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Abstract

In recent years, two-dimensional ferroelectric heterojunctions have shown potential applications in the fields
of high-density storage and optoelectronic devices. The development of novel two-dimensional ferroelectric
heterojunctions is an important current research direction. In this work, first-principles calculations are used to
study the band structure and stress control of In,Se;/InSe vertical heterojunction composed of two-dimensional
ferroelectric material a-In,Se; and monolayer InSe. The calculations show that the In,Ses/InSe heterojunction is
an indirect band gap semiconductor with type-II band matching. When the polarization direction of In,Se; is
perpendicular to the surface facing outward, the band gap is 0.50 eV, and the top and bottom of the valence
band originate from InSe and In,Se; respectively; when the polarization direction of In,Se; points inward the
plane, the band gap decreases by 0.04 eV, and the sources of the top of the valence band and the bottom of the
conduction band are interchanged. Under in-plane stretching, the greater the degree of stretching, the smaller
the band gap is. After a certain threshold is exceeded, the heterojunction changes from a semiconductor into a
conductor, which can also change the heterojunction with an indirect band gap into that with a direct band
gap. The research results of this work show that changing the polarization direction and applying stress is an
effective way to control the two-dimensional In,Se;/InSe ferroelectric heterojunction, which can provide a

theoretical reference for designing the relevant ferroelectric devices.

Keywords: two-dimensional ferroelectric heterojunction, band modulation, mechanical strain, first principles
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